This paper is a full version of an earlier short communication, where significantly higher ͑up to threefold͒ CO tolerance was reported for PtMo/C ͑atomic ratio, Pt:Mo, 3:1͒ relative to the current state-of-the-art PtRu/C ͑1:1͒ in a proton exchange membrane fuel cell ͑PEMFC͒ under standard operating conditions ͑85°C, 100% humidification, with H 2 ϩ 100 pm CO//O 2 ). We report significantly different behavior for PtMo/C in contrast to PtRu/C, wherein there is negligible variation in CO tolerance ͑100 ppm CO in H 2 ) with variations in alloying compositions ͑Pt:Mo, 1:1 to 5:1͒. Further, in contrast to Pt/C and PtRu/C, significantly lower variations in overpotential losses is observed for PtMo/C as a function of temperature ͑55-115°C͒ and CO concentrations ͑5-100 ppm, balance H 2 ). In addition, excellent long-term stability is reported for PtMo/C ͑1:1͒ under steady-state conditions ͑constant potential conditions at 0.6 V͒ for a total duration of 1500 h, with anode gas composition varied between pure H 2 and those with 100 ppm CO, with or without the presence of other reformate gases ͑primarily CO 2 and N 2 ). These are discussed in the context of detailed physicochemical characterization of the nanoparticles using a combination of X-ray diffraction, transmission electron microscopy, and in situ synchrotron X-ray absorption spectroscopy. CO tolerance in reformer-based low-and medium-temperature proton exchange membrane fuel cells ͑PEMFCs͒ is crucial for the viability of this technology for transportation and portable power applications. The choice of an appropriate anode electrocatalyst with low susceptibility to CO poisoning and a high kinetic rate for hydrogen oxidation is therefore paramount. Despite its superior activity for anodic, hydrogen oxidation, and interfacial stability under acidic pH conditions and the operating temperatures of an actual PEMFC, electrocatalysis by Pt/C suffers from the problem of high polarization losses due to CO poisoning. This is especially true for temperatures below 115°C.
CO tolerance in reformer-based low-and medium-temperature proton exchange membrane fuel cells ͑PEMFCs͒ is crucial for the viability of this technology for transportation and portable power applications. The choice of an appropriate anode electrocatalyst with low susceptibility to CO poisoning and a high kinetic rate for hydrogen oxidation is therefore paramount. Despite its superior activity for anodic, hydrogen oxidation, and interfacial stability under acidic pH conditions and the operating temperatures of an actual PEMFC, electrocatalysis by Pt/C suffers from the problem of high polarization losses due to CO poisoning. This is especially true for temperatures below 115°C.
The large affinity for CO chemisorption at potentials lower than ϳ0.65 V on Pt/C necessitates the search for other nanophase Ptbased electrocatalysts capable of initiating CO oxidation, preferably close to the hydrogen oxidation potential. This need manifested in the ''bifunctional'' 1,2 approach, where a second, more oxidizable element, present either as an admetal or as an alloying element, initiates the CO oxidation at lower potentials. The result is enough bare surface on Pt crystallites to efficiently oxidize hydrogen at lower overpotentials.
Prior literature, involving several decades of research, is replete with investigations of alloys such as PtSn, 3, 4 PtRh, 5 PtRu, [6] [7] [8] and Pt with adsorbing adatoms such as Ge, Sb, and Sn, 2, 9 etc. In recent years nanophase PtRu electrocatalysts have received renewed attention as promising candidates for CO oxidation in PEMFCs. [10] [11] [12] A recent report by Oetjen et al., 13 using steady-state polarization data, indicates a fourfold performance enhancement with highly dispersed PtRu as compared to Pt at 80°C with CO concentration up to 250 ppm. Despite these improvements, the overpotential for CO concentrations of 100 ppm at moderate temperatures such as 85°C is substantial with the current state-of-the-art electrocatalyst, PtRu, resulting in a loss of 270 mV at 1 A/cm 2 . 13 A previous study 10 on smooth and polycrystalline PtRu alloys reported that the most active site for the oxidation of adsorbed CO was an alloy with a Ru surface composition of ϳ50 atom %. This is in agreement with other prior studies. 12, 13 The overall premise of the concept of bifunctionality, wherein the more oxidizable element such as Ru nucleates oxygenated species at potentials negative to that of Pt ͑ϳ0.2 V͒ and is responsible for the early initiation of CO oxidation, has been confirmed based on the wealth of previous data ͑see Ref. 14 for a review͒. More notable are recent systematic studies on well-defined bulk PtRu alloys using rotating disk electrode ͑RDE͒ based stripping voltammetry and potentiostatic stripping 10, 11 and direct spectroscopic evidence using in situ X-ray absorption spectroscopy ͑XAS͒. 15 The in situ XAS spectroscopy by McBreen et al. 15 has also shown that alloying with Ru in a nanocrystalline environment causes significant perturbation of the Pt electronic and short-range atomic order. These results have shown that alloying with Ru in these nanocrystallites ͑35-40 Å diam͒ causes an ϳ20% increase in the Pt d-orbital vacancy and a lowering of the Pt-Pt bond distance from 2.773 to 2.730 Å. Further, adsorption of CO has been reported to be equally facile on both Pt and Ru surfaces. 8, 11, 12, 16 Recent results by Chrzanowski et al. 17 have also pointed out that the Ru surface oxides are most stable on Pt͑111͒ surfaces in a study using chemically deposited Ru thin films on well-defined Pt surfaces.
A systematic theoretical analysis 18 using atom superposition electron delocalization molecular orbital calculation ͑ASED-MO͒ on the effect of various candidate elements for alloying with Pt provided interesting pointers to the bifunctional role of Mo among other elements. Recently, Grgur et al. 19 have reported electro-oxidation kinetics of H 2 , CO, and H 2 /CO mixtures on smooth and wellcharacterized PtMo surfaces in 0.5 M H 2 SO 4 at 60°C. It was suggested that the oxyhydroxide state of Mo surface atoms is reactive for the oxidative removal of CO, but this state can also reduce the availability of adjacent Pt surface atoms for the dissociative adsorption of molecular H 2 . This work indicated that a surface composition of 20-25% Mo was optimum for the rate of oxidative removal of CO and the rate of hydrogen adsorption. The first report ͑Muker-jee et al.
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͒ comparing steady-state ͑half-and single-cell͒ polarization data in a PEMFC for PtMo/C ͑8.7:1.3 atom %͒ showed up to threefold enhancement in activity for CO oxidation relative to the current state-of-the-art PtRu/C ͑1:1 atom %͒ at 85°C. A cyclic voltammogram without adsorbed CO in both a PEMFC in a half-cell configuration at 55°C as well as at room temperature in a flooded electrode mode with 1 M HClO 4 indicated a redox-type behavior at 0.45 V vs. the reference hydrogen electrode ͑RHE͒. Comparison with the corresponding Mo K-edge X-ray absorption near edge spectra ͑XANES͒ at 0.0 and 0.54 V indicated a change in the Mo oxidation state. Further, cyclic voltammetric ͑CV͒ stripping of CO both in a proton exchange membrane ͑PEM͒ half-cell configuration at 55°C as well as in the flooded electrode configuration at room temperature, showed two peaks, in contrast to a single peak typically observed on PtRu/C under the same conditions. This indicated that both Mo and Pt atoms on the surface were active for CO oxidation, albeit at different potentials. A recent report by Grgur et al. comparing kinetic properties of both bulk and supported PtMo/C electrocatalysts using a rotating thin layer electrode ͑RTLE͒ method 21, 22 reported a mismatch based on the alloying compositions. This was ascribed either to a surface segregation phenomenon in the alloy nanocrystals different from those in the bulk or that the alloying of Pt is incomplete and that the alloy nanocrystals are richer in Mo relative to that expected based on the alloying composition in the catalysts.
Enhanced activity for methanol oxidation has been recently reported 23 on Pt/MoO x /C composite electrodes prepared by an electrochemical codeposition technique using glassy carbon electrode as a substrate. This study also indicated the possibility of a redox couple involving Mo; the oxidation state changes ascribed to the redox peaks in the voltammogram were a Mo͑VI͒/Mo͑IV͒ couple. Enhancement for methanol oxidation was ascribed to the existence of this redox couple in the substoichiometric lower valence MoO x (2 Ͻ x Ͻ 3) and possibility of proton spillover effect from hydrogen molybdenum bronze. Comparison of CO tolerance by PtMo and PtRu electrocatalysts prepared by ballmilling was reported to exhibit no enhancement by Denis et al. 24 Ternary alloy compositions with Al and Mg were also reported 24 ͓such as Pt 0.5 Mo 0.5 Al and Pt 0.5 Mo 0.5 Al 4 , and Pt 0.5 Mo 0.5 (MgH 2 )]; however, in these the real Mo content was found to be significantly lower due to leaching. Ex situ X-ray photoelectron spectroscopy ͑XPS͒ analysis showed the presence of Mo in oxidation states of ͑V͒ and ͑VI͒. Comparison of steady-state polarization for the hydrogen oxidation reaction ͑HOR͒ by PtRu/C and PtMo/C has been recently reported to exhibit similar characteristics by Pozio et al. 25 A Heyrovsky-Volmer mechanism was proposed to explain any departure from linearity of the E vs. i data. Santiago et al. 26 have reported CO tolerance behavior of PtMo/C electrocatalysts prepared by the formic acid method. An overpotential loss of 100 mV was reported at 1 A/cm 2 compared to pure H 2 for a PtMo/C electrocatalysts ͑6:4 atom %͒, representing high CO tolerance activity. Several electrode configurations based on Mo/C and PtMo/C as CO filtering layers were also reported. In all cases an enhancement of electrocatalytic performance was observed as compared with the standard Pt/C electrode. 26 A recent report by Ioroi et al. 27 has reported the activity of carbon-supported Pt/MoOx ͑Pt/MoOx/C͒ using a rotating disk electrode in 0.5 M H 2 SO 4 . CO-stripping voltammetry with 100 ppm CO in H 2 was reported to exhibit a higher stripping peak potential compared to PtRu/C; however, the onset potential of the potentiodynamic oxidation was somewhat lower than that of PtRu/C. Further, this report ascribed part of the improved CO tolerance of the Pt/MoOx/C anode to be due to diffusion of O 2 across the membrane based on anodic polarization studies as a function of fuel flow rate and thickness of the Nafion membrane. The effect of Mo, Nb, and Ta in Pt and PtRu carbon-supported anode electrocatalysts on CO tolerance of PEMFCs has been reported by Papageorgopoulos et al. 28 using CV and fuel cell tests. CO stripping voltammetry on binary PtxM/C (M ϭ Mo, Nb, Ta) was reported to exhibit partial oxidation of the CO adlayer at low potential, with PtMo ͑4:1͒/C having the lowest value. At 80°C, no significant difference for CO electro-oxidation at the lower potential limit, compared to PtRu/C, was observed for PtRuM/C (M ϭ Mo, Nb). Fuel cell tests demonstrated that the addition of a relatively small amount of Mo to PtRu yields an electrocatalyst with higher activity in the presence of CO, in comparison to PtRu/C, the current catalyst of choice for PEMFC applications. Recently, Ball et al. 29 have compared the steady-state polarization for carbon-supported Pt, PtRu, and PtMo catalysts with reformate gas mixtures in a PEM single cell at 80°C using H 2 ; 10, 40, and 100 ppm CO in H 2 ; 25% CO 2 in H 2 ; and 40 ppm CO/25% CO 2 in H 2 reformate gas mixtures as the anode fuel feed. The PtMo catalyst showed better CO tolerance than the PtRu catalyst at 100 ppm but showed poorer CO 2 tolerance to both Pt and PtRu. With 40 ppm CO/25% CO 2 in H 2 , PtMo showed inferior overall reformate tolerance to PtRu.
Based on this survey of current literature it is evident that there is a considerable range of data for CO tolerance exhibited by carbonsupported PtMo ͑PtMo/C͒ electrocatalysts. To the best of the authors knowledge several key questions remain regarding the correlation of CO tolerance in a PEM interface as it pertains to the effect of alloying Mo with Pt relative to Pt and PtRu ͑current state-of-the-art electrocatalyst͒. These include: ͑a͒ The effect of alloying, nanoparticles morphology and atomic ratio of Pt:Mo. ͑b͒ Comparison of CO tolerance behavior of PtMo vs. PtRu and Pt as a function of variation in temperature and CO concentration in H 2 . ͑c͒ Long-term durability under a variety of anode feed conditions in a PEMFC.
In this paper we present detailed characterization of the bimetallic PtMo/C electrocatalyst for the electro-oxidation of H 2 , and H 2 /CO mixtures at a PEM fuel cell interface from both a single cell as well as a half-cell polarization perspective. The objective is to examine performance characteristics as a function of alloying composition, effect of temperature and variations in CO concentration, as well as examining the state and function of Mo atoms in the electrocatalyst cluster. The state of Mo atoms and its function in the carbon-supported bimetallic PtMo cluster is compared with carbonsupported Pt and PtRu clusters wherein the electrocatalysts were examined using in situ synchrotron-based XAS. Application of XAS to study the structure property relationship of nanophase bimetallic clusters at an electrochemical interface is described in detail elsewhere. 30, 31 Briefly, the near-edge region of the XAS, XANES, examines the changes to the electronic structure ͑Pt d-orbital vacancies, etc.͒. The extended part of the spectra, extended x-ray absorption fine structure ͑EXAFS͒ probes the changes to the short-range atomic order ͑primarily, the first shell bond distance and coordination number͒. The primary advantage of XAS is the ability to examine these bimetallic clusters with element specificity under actual in situ electrochemical conditions.
Experimental
Electrocatalysts and electrode specifications.-Three types of carbon-supported Pt based electrocatalysts were used in the anode electrodes. These comprised of 30% Pt/C, 30% PtRu ͑1:1 atom %͒, and four different compositions of 30% PtMo/C ͑1:1, 3:1, 4:1, and 5:1, Pt:Mo atom %͒. The choice of PtRu/C ͑1:1͒ was based on the fact that it is the most widely used electrocatalyst for CO-tolerant 8, 16 anode electrodes. The four different compositions of PtMo were used to determine the influence of the Pt:Mo atomic ratio on the tolerance of CO. The other compositions were used to understand the level of CO tolerance in the context of the PtRu/C ͑1:1 atom %͒ and Pt/C ͑control͒. All electrocatalysts used in this investigation were obtained from De Nora, N.A., E-TEK Division ͑Somerset, NJ͒, with the exception of PtMo/C ͑1:1͒. This catalyst was synthesized in-house. In order to verify our synthesis methodology, all of the PtMo/C compositions obtained from De Nora, N.A., E-TEK were also prepared in-house. Comparison of the two sets of catalysts exhibited close performance characteristics.
The cathode electrode was the same in all experiments ͑Pt/C electrode with 20% Pt on C, loading of 0.4 mg/cm 2 from E-TEK͒. Anode electrodes for steady-state polarization measurements in PEM single/half-cells were prepared by a brushing/rolling technique developed in-house. They were comprised of a carbon cloth substrate ͑E-TEK͒ with a diffusion layer containing Teflon-carbon ͓35 wt % poly͑tetrafluoroethylene͒ ͑PTFE͔͒ with an average thickness of 35 m, which was presintered at 320°C under Ar. The reaction layer was comprised of the catalyst ͑0.4 mg/cm 2 , Pt or Pt alloy catalyst loading͒ and solubilized Nafion ͑5 wt % mixture in lower aliphatic alcohols and water, Aldrich, USA͒. Membrane electrode assemblies ͑MEAs͒ were made for Pt/C, PtRu/C, and PtMo/C anodes while keeping the cathode electrode the same ͑Pt/C, 20% Pt on C, 0.4 mg/cm 2 Pt loading, from E-TEK͒. The Nafion loading in the reaction layer of the electrodes was ϳ1.9 mg/cm 2 , and the assembly was made by hot-pressing at 1000 kg f /cm 2 , 140°C for 3 min. The membrane was Nafion 115, which was cleaned by a procedure described in detail elsewhere. 32, 33 A separate set of electrodes was prepared for in situ XAS measurements using a methodology described elsewhere. 15, 34 Electrocatalyst loading of ϳ45 mg/cm 2 ͑Ϯ3.5͒ was used based on the absorption cross sections of Pt L 3 and Mo K-edge in order to afford a step height close to 1. The electrodes were first soaked in 1 M HClO 4 for 48 h followed by vacuum impregnation, which ensured a totally flooded state. This was important, because XAS used both in transmission as well as in fluorescence modes for these nanophase materials ͑Ͻ50 nm͒ are bulk averaging techniques.
Steady-state polarization measurements in a PEMFC.-Steadystate polarization measurements on CO tolerance were carried out in a fuel cell test station using a cell fixture for a 5 cm 2 MEA, which allowed for both single and half-cell polarization measurements. The test station was built in-house and had provisions for controlling temperature, pressure, humidification, and flow ͑mass flow͒ of reactant gases. The bipolar plates made of carbon with resin impregnation ͑POCO graphite, TX, USA͒ had conventional ribbed flow channels, and the anode chamber contained a built-in hydrogen reference electrode with separate flow channels allowing for simultaneous half-cell measurements. Details of the fuel cell test station and the single-cell test fixture are given elsewhere. 33 Steady-state single and half-cell polarization curves were measured as a function of temperature ͑55-115°C͒ and CO/H 2 ratio ͑0-100 ppm͒. The respective anode/cathode pressures were maintained to regulate the anode and cathode chambers at 1 atm based on the cell temperature. The humidification temperatures of the anode and cathode were maintained at 15/5°C, respectively, above the cell temperature. For H 2 /CO mixtures, premixed gas cylinders were used ͑Matheson, NJ͒.
Long-term tests were conducted in a PEM single cell using PtMo ͑1:1 atom %͒ electrocatalyst under steady-state conditions. The choice of electrocatalyst was motivated on the basis of its being the highest in Mo:Pt ratio in the range of PtMo alloying compositions. The tests were all conducted with the cell temperature fixed at 85°C under fully humidified conditions using 50/60 psig backpressure for the anode and cathode electrode chamber, respectively. The current density was monitored using a load box ͑HP model 6030͒ in constant potential mode, fixed at 0.6 V. As with all tests, the cathode electrode remained Pt/C ͑20% metal loading and 0.4 mg/cm 2 , E-TEK.͒ Tests were conducted up to a maximum of 1500 h, with the anode feed gas periodically changed from H 2 ͓100 ppm CO͔, to a H 2 ͓reformate composition͔ with both 100 and 50 ppm CO. The reformate composition in question was comprised of 21% CO 2 , 26% N 2 , and the balance H 2 . The cell was also run periodically with pure H 2 . At periodic intervals, this test was interrupted to take polarization measurements. These were measured with both O 2 and air as cathode feed, with anode feed gases either as pure H 2 or H 2 ͓100 ppm CO͔.
CV was carried out using the same single-cell setup at 55°C. To investigate the voltammetric stripping of CO, H 2 containing 100 ppm CO was passed through the electrode for at least 1 h while maintaining a constant potential ͑0.05 V vs. RHE͒. At the same time pure hydrogen was passed through the counter and reference electrode compartments. Prior to voltammetric stripping of CO, the anode compartment was purged with N 2 for about 30 min to remove residual H 2 gas and nonadsorbed CO. CV was also conducted at room temperature in a spectroelectrochemical cell used for XAS analysis. The electrodes, in a completely flooded configuration, were cycled both in the presence and absence of CO. For CO stripping voltammetry, pure CO ͑Matheson, NJ͒ was purged close to the working electrode for 1 h with the electrode polarized at 0.0 V vs. RHE in a fume hood. The electrode was then purged with pure N 2 for 30 min followed by voltammetric stripping. All CV experiments were conducted at 5 mV/s.
XAS measurements.-XAS measurements were conducted at beam line X11A at the National Synchrotron Light Source ͑NSLS͒ in Brookhaven National Laboratory, with the storage ring operating at 2.8 GeV and a current between 350 and 120 mA. Data was collected at both the Pt L (L 3 and L 2 ) and Ru, and Mo K-edges in the transmission mode using a three-detector setup comprised of the incident, transmitted, and reference detectors. The reference detector provided accurate calibration and alignment of the edge positions, for which pure standard foils (x ϭ 1) of the element edge being probed were employed. Details of the beam line optics monochromator are given elsewhere. 15 The monochromator ͓Si͑111͒ crystals͔ at both these edges were detuned by 15 and 10%, respectively, to reject higher harmonics. All measurements were carried out in an in situ spectroelectrochemical cell which allowed XAS measurements in transmission mode with the working electrode in a totally flooded state. The cell had arrangements for bubbling gas close to the working electrode. Details of the spectroelectrochemical cell are given elsewhere. 15, 34 The methodology for the XANES data analysis followed the procedure described by Meitzner et al. 35 The methodology used to determine the Pt 5 d-orbital vacancies are based on earlier work by Mansour and co-workers. 36, 37 In situ XAS data at the Pt L (L 3 and L 2 ) and Ru, and Mo K-edges were taken at 0.54 V using a computer-interfaced potentiostat/galvanostat ͑Solartron model 1287͒ and Scribner software ͑Corrware͒. The electrolyte of choice was 1 M HClO 4 . This choice of electrolyte was motivated by the lack of anionic adsorption, a property similar to the perfluorinated sulfonic acids in Nafion membranes and in contrast to electrolytes such as H 2 SO 4 and H 3 PO 4 . Prior to acquiring in situ EXAFS data, the electrode was cycled between 0.0 and 0.65 V at least 25 times. The low potential for the upper voltage cutoff was to avoid any possible dissolution of Mo from the electrode surface. Because the purpose of the XAS analysis in this investigation was to determine the nature of changes to the Pt electronic states as a result of alloying Mo to Pt in the nanophase PtMo/C electrocatalysts and compare it to the analogous data from PtRu/C and Pt/C, detailed XANES analysis is reported at 0.54 V. Data at this potential was devoid of any effect of surface adsorbed species, being in the double-layer region and close to the potential of zero charge.
Results and Discussion
Characterization of the nanocluster size and morphology: Powder X-ray diffraction, transmission electron and in situ XAS measurements.-Detailed characterization of the nanocluster size and morphology is essential for understanding the true importance of the electrochemical data. Analysis of the transmission electron microscopy ͑TEM͒ data for the electrocatalysts in terms of their particle size is given in Table I. The average particle size obtained from TEM analysis ranged between 30 and 35 Å. The dispersion of the electrocatalysts was excellent with a very narrow distribution of particle size ͑within 15 Å for all the electrocatalysts͒. X-ray diffraction ͑XRD͒ analysis of the electrocatalysts showed a high degree of crystallinity. Fits of the XRD data to an indexing routine showed that all the patterns ͑Pt and Pt alloys͒ corresponded to a facecentered cubic ͑fcc͒ lattice. The lattice parameters obtained are given in Table I . In addition, the Pt-Pt bond distances based on an fcc lattice were calculated ͑Table I͒. As evident from the data, alloying of Pt with Ru and Mo results in a lowering of the lattice parameters ͑and hence, the Pt-Pt bond distance͒. While the perturbation of the lattice parameter for PtMo was negligible, those for PtRu/C were significant. Here the Pt-Pt bond distance is lowered by approximately 0.026 Å. As pointed out previously, 21, 22 the use of X-ray diffraction ͑XRD͒ analysis to characterize PtMo nanophase materials provided limited information. Previously reported characterization of the 3/1 and 4/1 ͑Pt:Mo͒ compositions 21 showed the existence of an fcc metallic phase with an average particle size of ca. 4 nm. Because the lattice constants for the PtMo solid solutions are close to that of pure Pt, the compositions of the nanocrystalline phase could not be determined. Within the limits of this technique, however, no separate phases associated with Mo, e.g., metal oxide or carbide, were detected, suggesting that most if not all of the Mo was alloyed to the Pt. As shown in Table I , the lattice parameters were close to that of Pt/C; hence, there was negligible change in the Pt-Pt bond distance as compared to Pt/C. The electron diffraction patterns for Pt and PtMo/C were also close. The particle size obtained using the ͗111͘ diffraction line broadening analysis showed remarkable agreement with the corresponding data from TEM. The particle sizes obtained were all in the range of 28-35 Å. Using a cubo-octahedron cluster model, 38 the number of surface sites as compared to the bulk is determined to be approximately 25%.
In situ synchrotron XAS data analysis.-The ratio of Pt to Mo atoms and Pt to Ru atoms in the electrocatalysts were determined from the edge jumps at the Pt L 3 , and the Ru and Mo K-edges using a methodology described elsewhere. 15 With the exception of the 1:1 atomic ratio of Pt:Mo, the other compositions showed good agreement between the results of XANES analysis and the nominal composition given by the manufacturer ͑E-TEK͒. The agreement between XANES analysis results and the desired composition was also found for our own preparations based on the calculated amounts used in the preparation procedure for the various Pt alloys. XANES analysis of the 1:1 composition shows the actual ratio to be 62:38 ͑Pt:Mo͒. The most probable reason for this discrepancy is based on a limit of solubility of Mo in the Pt, which according to prior reports 39, 40 is approximately ϳ27 atom %. This limit of solubility is controversial, with somewhat higher values reported elsewhere. 41 The results of the XANES analysis at the Pt L 3 and L 2 edge using methodologies described in the Experimental section are included in Table I . These results indicate the extent of changes in the electronic character of Pt as a result of alloying.
Detailed EXAFS analysis of these PtMo/C alloy nanoclusters has been reported by us earlier, 42 using data obtained at the Pt L 3 edge at 0.54 V for both PtRu/C and PtMo/C; a two-shell fit with Pt-Pt and Pt-M interactions was required. An increase of the Pt d-band vacancy/atom for Pt alloyed to Mo ͑Table I͒ and a consequent lowering of the corresponding Pt-Pt bond distances was reported. However, both these parameters are perturbed to a much higher degree in the case of PtRu/C ͑1:1 atom %͒. 42 In addition, the reported coordination numbers ͑a sum of the Pt-Pt and Pt-M coordination numbers for the alloys͒ are in good agreement with those expected from the particle sizes obtained from TEM and XRD analysis ͑Table I͒. This is based on a cubo-octahedron cluster model described by algorithms of Fritsche and Benfield. 38 This prior report clearly showed Pt-Mo alloy formation on the basis of fits in K-space (k 3 weighted͒, where unique solutions to two-shell fits ͑Pt-Pt and Pt-Mo͒ were reported.
Electrochemical characterization: Dynamic and steady-state measurements.- Figure 1 shows the steady-state single-and halfcell ͑inset͒ polarization plots at 85°C, comparing performance for Pt/C, PtRu/C, and a representative plot for PtMo/C ͑3:1 atom %͒ as anode electrodes ͑cathode: Pt/C, 0.4 mg/cm 2 ͒ in H 2 /CO ͓100 ppm͔/ O 2 . A plot for a Pt/C anode ͑30% metal on C, 0.4 mg/cm 2 loading͒ electrode without CO under the same conditions is included. The respective anode/cathode pressures were 16/11 psig at 100/90°C, respectively, to maintain a constant water vapor pressure of 1 atm. As evident from the electrode performance data, PtMo/C ͑3:1 atom %͒ exhibits significantly higher CO tolerance as compared to the current state-of-the-art PtRu/C ͑50 wt % Pt:Ru͒. Half-cell anode polarization data with H 2 /O 2 under the same conditions showed negligible differences ͑not shown͒. This is consistent with previous data, 43 which compared the steady-state anode polarization behavior of similar nanodispersed Pt and alloys of Pt with the first row tran- sition series ranging from Cr to Ni. Detailed analysis of the electrode kinetic data in this previous study, 43 including comparison of the activation energies, indicated negligible differences in the activity for hydrogen oxidation as a consequence of alloying. Hence, the differences in the single-cell polarization are almost entirely due to differences in the electrocatalytic activity for CO oxidation on the different electrocatalyst surfaces, as shown in the half-cell polarization data in the inset of Fig. 1 .
A more quantitative picture of the comparison shown in Fig. 1 is delineated in Table II , where the current densities ͑after iR correction͒ at two different overpotentials ͑100 and 50 mV͒ are listed for the three electrocatalysts, PtRu ͑1:1͒, Pt, and PtMo ͑3:1 atom %, as a representative example͒. As evident from the values in Table II , PtMo ͑3:1 atom %, as a representative example͒, exhibits between 3 and 3.5-fold enhancement in performance ͑depending on the overpotential at which the comparison is made͒ as compared to the current state-of-the-art electrocatalyst PtRu ͑1:1͒. Corresponding enhancement relative to Pt/C is greater than fourfold. In contrast to Pt/C, the alloy electrocatalysts do not exhibit a classical limiting current behavior, clearly indicating a different oxidation mechanism in the mixed H 2 /CO environment.
The differences in the polarization behavior in the presence of CO on the various catalysts can be analyzed from the corresponding Tafel diagrams in Fig. 2 by taking into account the Tafel/Volmer mechanism for the HOR in acid media 44 H 2 ϩ 2S → 2S-H ͑Tafel) ͓1͔
where S represents an active site on the electrocatalyst surface. In the absence of CO, the Tafel slopes are in the range of 20-30 mV dec Ϫ1 for all the electrocatalysts. According to the previous mechanism, this implies that both steps 1 and 2 progress quickly, corresponding to a large exchange current density. In the presence of CO, there is a large fraction of the surface covered with CO, resulting in Step 1 becoming rate limiting at higher overpotentials ͑Ͻ50 mV, or above 100 mA/cm 2 ͒. However, at lower overpotentials ͑Ͼ50 mV͒ there remains sufficient coverage of H to allow Step 2 to quickly progress, resulting in a Tafel slope of 20-30 mV dec Ϫ1 ͑Fig. 2͒. At higher overpotentials, when Step 1 approaches limiting behavior, current density is controlled by the rate of H adsorption and a limiting current is observed in the polarization plot. This is particularly applicable for the case of Pt/C ͑until Ͼ90°C͒ and PtRu/C ͑Ͼ55°C͒, as reported previously, 33 wherein the Tafel slope → ϱ. However, at 85°C in the presence of 100 ppm CO, both PtRu/C and PtMo/C ͑3:1 atom %, as a representative example͒ show quasilimiting behavior, indicating the ability of either preventing complete coverage by CO on the surface and/or the ability to oxidize CO at lower overpotentials. The CO adsorption and oxidation steps can be delineated as follows
where n represents the number of sites on the catalyst surface involved with CO adsorption ͑linear or bridge bonding͒. The absence of limiting currents can be explained either by a weakening of the CO adsorption process ͑Reaction 3͒ and/or to a ''cleaning'' of the surface by the CO oxidation step ͑Reaction 4͒. Prior reaction kinetic modeling efforts comparing PtRu ͑1:1͒ and Pt/C with PtMo 4:1 45, 46 and PtSn 45 have shown that CO oxidation is the most important contributor to the polarization response in the case of CO tolerance ͑in the presence of H 2 /CO mixtures͒. The fact that PtMo ͑3:1͒ shows good CO tolerance implies that the Mo oxyhydroxides are well dispersed on the PtMo alloy nanocluster surface. Figure 3a shows both the single cell and the anode polarization plot for PtMo as a function of alloying composition. The experimental conditions were 70°C ͑cell temperature͒, 100% relative humidity, 16/11 psig ͑anode and cathode backpressure͒, and H 2 ͑100 ppm CO͒/O 2 feed in a cell with a 5 cm 2 MEA. The single-cell and anode polarization profiles shown in Fig. 3a exhibit minimal variations as a result of changes in the alloying composition in the range 1:1 to 5:1 ͑Pt:Mo͒. This result is somewhat different from those reported earlier by Grgur, 21 where a composition containing 23 atom % Mo was found to be optimal for CO oxidation. However, these results were obtained with well-defined bulk surface compositions. Comparative analysis with corresponding compositions in supported nanocluster alloys of PtMo did not provide the same result. 21 A qualitative explanation based on the possibility of surface segregation was used as an argument to explain the differences in the results with bulk and supported electrocatalysts. Our results shown in Fig.  3a provide a wider range of alloying compositions, as well as better characterization of the electrocatalysts in terms of nanocluster composition ͑atomic ratio͒ and particle size. Figure 3b shows the corresponding CVs with and without the presence of 100 ppm of CO in the H 2 feed. These experiments, which were carried out in a PEM single cell with built-in RHE reference electrode, involved purging the working electrode ͑anode electrode of the MEA͒ with H 2 with or without ͓100 ppm CO͔ for at least 1 h. The CVs were taken in the PEM single-cell assembly with the working electrode under N 2 purge ͑after at least a 1 h purge with N 2 ) and the reference and counter electrode with H 2 purge, under conditions of 100% relative humidity and 50°C cell temperature. The CVs in the absence of CO show several interesting features, details of which have been discussed earlier. 20, 42 Briefly, the CVs show evidence of both Pt and Mo features, although the Pt-H upd region is not as defined as the Pt/C or PtRu/C electrodes. As in the 42 using in situ XANES spectroscopy at the Mo K-edge for these electrocatalysts have shown this oxidation state change to be Mo 5ϩ ↔ Mo 6ϩ . Repeated cycling between 0.05 and 1.2 V for 50 cycles showed no changes, indicating minimal dissolution of Mo from these electrocatalysts.
The similarity of anode polarization behavior exhibited by PtMo as a function of variation in alloy composition indicates that a small amount of Mo is required for CO tolerance. The discussion related to the anode polarization characteristics of Pt, PtRu ͑1:1͒, and PtMo ͑3:1͒ shown in Fig. 1 and 2 implies an efficient formation of gaps in the compact CO adsorbed layer, enabling sufficient hydrogen oxidation kinetics to occur and thereby avoiding any limiting behavior. This invariance with alloying composition in the range of 1:1 to 5:1, as shown in Fig. 3a , shows that ͑i͒ Mo oxyhydroxides are efficient in electro-oxidation of CO, which as shown in the subsequent discussion is initiated at low potentials ͑close to hydrogen evolution potentials͒, and (ii) these Mo species are well dispersed on the electrocatalyst surface to enable the formation of gaps in the compact CO adsorbed layer and hence enable hydrogen oxidation. Earlier reports on PtRu show that in contrast to PtMo, there is a variation on anode polarization as a function of alloying composition ͑atomic ratio͒, with PtRu ͑1:1͒ being the most optimal. 8, 11, 16 Figure 3b shows results from CVs conducted after a 1 h purge with H 2 ͓100 ppm CO͔ followed by a minimum of 1 h N 2 purge under the same PEM single-cell conditions. Existence of two separate peaks for CO stripping indicates that both Pt and Mo species are active. CO oxidation is first initiated at lower potentials by oxygenated species on the Mo surface at ca. 0.05 V. The second peak at approximately 0.65 V has been shown to be due to CO oxidation by oxides of Pt. As previously reported, the second CO stripping peak corresponds to water activation and oxide formation on Pt sites. 42 In addition, we have reported this in more detail with in situ XAS at the Pt edge, with and without adsorbed CO. 42 Prior studies 47 with bulk PtMo ͑3:1͒ in 2% CO in Ar have shown CO oxidation to occur at potentials as low as 0.05 V vs. RHE at 60°C. This prior study suggested that the primary role of Mo was to create holes in the compact CO adsorbed layer by initiating its oxidation at such low potentials. The presence of two distinct peaks is significant in that it is in complete contrast to the corresponding voltammetric response from electrocatalysts such as PtRu/C, where only one CO stripping peak is observed ͑as shown in a wide number of prior reports 42 
͒.
As mentioned previously, 42 this indicates a unique role for Mo in these electrocatalysts because it exhibits a more complex behavior as compared to predictions based on the ''bifunctional mechanism'', where the oxides on the more oxidizable element provide the necessary oxygenated species for the CO oxidation on Pt. The description of features both with and without the presence of CO in H 2 over the working electrode are the same for all the alloying compositions in the range 1:1 to 5:1. This is important, because even with a 5:1 composition there is a sufficient amount of dispersed Mo on the surface of the electrocatalyst to provide for the Mo features described previously. Figure 4a shows the anode polarization profiles for Pt, PtRu ͑1:1͒, and PtMo ͑3:1͒ as a function of varying amounts of CO in H 2 in the range 5-100 ppm. The data shown is at 85°C cell temperature under 100% humidification and 60/50 psig backpressure ͑cathode and anode electrode, respectively͒. As evident from the data, the variation of anode polarization is the highest in the case of Pt, followed by PtRu ͑1:1͒ and finally PtMo ͑3:1͒, where the variation as a function of CO concentration ͑in the range 5-100 ppm͒ is minimal. Experiments using PtMo ͑5:1 and 1:1 atom %͒ also gave similar results, with minimal variation in the anode polarization within the CO concentration range of 5-100 ppm. This is in agreement with results published recently by Ball et al., 29 where PtMo ͑3:1͒ showed the lowest variation in overpotential loss at 0.5 A/cm 2 when the anode gas composition was changed from H 2 ͑CO 10-100 ppm͒.
A log-log plot of current density at 70 mV ͑iR corrected data͒ vs. CO concentration is plotted in Fig. 4b . As evident from the plot, all three electrocatalysts exhibit strong negative slopes and hence, reaction orders. The reaction order for Pt and PtMo ͑3:1͒ was Ϫ0.4 and Ϫ0.34, respectively; the value for PtRu ͑1:1͒ was Ϫ0. 48 . Within the limits of error inherent in these measurements ͑typically 15-20% variation based on four sets of experiments͒, all the reaction orders are approximately Ϫ0.5. These negative reaction orders are consistent with our previous results 33 and others, such as those on PtRu ͑bulk alloys͒, where prior results at 0.4 V have shown a similar negative reaction order. Details of the significance of this negative reaction order and its implications in terms of the CO tolerance mechanism on these different alloy electrocatalysts is the subject of a separate report currently under preparation. Figure 4c shows the plot of CO coverage calculated according to methodology described in detail elsewhere 48, 49 vs. ln(͓CO͔/͓H 2 ͔) for all three catalysts. A straight line for this plot represents Temkin behavior, as described in more detail earlier. 50 Figure 5a shows the anode polarization profiles for Pt/C, PtRu/C ͑1:1͒, and PtMo/C ͑3:1 atom %, as a representative example͒ as a function of temperature in the range 55-115°C. These polarization profiles represent data measured with H 2 ͓100 ppm CO͔/O 2 feed under fully humidified conditions with anode cathode backpressures at 50/60 psig, respectively. It is evident from the polarization profiles, the CO poisoning effect is more at lower temperatures for Pt/C and PtRu/C as compared to PtMo/C in the sequence Pt/C Ͼ PtRu/C (1:1) Ͼ PtMo/C (3:1). Further, there is a significantly lower variation in overpotential losses for PtMo/C ͑3:1 atom %͒ as compared to PtRu/C ͑1:1 atom %͒ and Pt/C. This lower variation of overpotential losses as a function of temperature in the presence of CO was a common feature for all the PtMo/C alloying compositions reported in this paper. All the electrocatalysts showed similar anode polarization profiles at elevated temperatures, especially above 100°C. Assuming no CO oxidation, it can be surmized that the binding energy of CO with the catalyst surface decreases with increase in temperature, and above 100°C it becomes independent of the nature of the electrocatalyst.
As mentioned previously, the presence of a limiting current, such as those observed for Pt/C ͑55 and 70°C͒ and PtRu/C ͑1:1͒ ͑55°C͒ is Figure 4 . ͑a͒ Steady-state anode polarization for Pt/C, PtRu/C ͑1:1 atomic ratio͒, and PtMo/C ͑3:1 atomic ratio, Pt:Mo͒ as a function of different CO content in the H 2 feed. H 2 ͓͑᭺͒ 5 ppm CO; ͑ᮀ͒ 20 ppm CO; ͑᭝͒ 50 ppm CO, and ͑छ͒ 100 ppm CO͔. ͑b͒ Log-log plot of CO concentration and current density at 70 mV for ͑ᮀ͒ Pt, ͑᭝͒ PtRu/C ͑1:1͒, and ͑᭞͒ PtMo/C ͑3:1͒. ͑c͒ Plot of ln͓CO͔/͓H 2 ͔ vs. CO coverage ͑͒ for ͑ᮀ͒ Pt/C, ͑᭝͒ PtRu ͑1:1 atomic ratio͒, and ͑᭺͒ PtMo/C ͑5:1 atomic ratio, Pt:Mo͒. PEM operating conditions for these tests were 85°C, 60/50 cathode, anode backpressure, 100% humidification condition, with O 2 as cathode gas feed. Cathode electrode in all cases was 20% Pt/C ͑0.4 mg/cm 2 ͒ ͑ELAT electrode, from De Nora, E-TEK͒.
a consequence of the fact that Reaction 1 is rate limiting for hydrogen oxidation in the presence of CO. In this case the limiting current is proportional to the fraction of the surface which is free of CO and
where k is a rate constant, a term related to hydrogen pressure, the diffusion coefficient, and Faraday's law. 51 According to Eq. 5, the increase in the value of i L can be accounted for either on the basis of a concomitant increase in k and or s . An increase in the limiting current is evident from the plot of anode polarization profiles as a function of temperature, especially for Pt/C ͑Fig. 5a͒ in the range 55-70°C. At higher temperatures and in the case of the alloys, especially PtMo/C, a clear limiting behavior is not observed. The effect of temperature can be accounted for on the basis of thermal motions and the lower sticking coefficient for CO, causing enough holes in the compact CO layer to allow Reaction 1 to occur. For the alloys the lack of clear limiting behavior is a clear consequence of initiation of CO oxidation at lower temperatures due to oxyhydroxide species on the more oxidizable Ru and Mo species.
Based on the Arrhenius approach, the current density i can be related to temperature using the expression
where C is a constant containing the terms related to the preexponential factor of the Arrhenius equation, the CO and hydrogen partial pressure, and Faraday's law. In Eq. 6, R and T have the usual meaning, E H and E S are the activation energies for Reaction 1, and the process involved in the formation of free catalyst sites, respectively ͑desorption of CO͒. Figure 5b shows the Arrhenius plot for Pt/C, PtRu/C ͑1:1 atom %͒, and PtMo/C ͑3:
͖͒ at an overpotential of 70 mV, where it is assumed that the reaction kinetics is controlled by Reaction 1. For Pt/C and PtMo/C ͑3:1͒, a straight line is obtained for the entire range of temperatures, which is good evidence of the validity of Eq. 6. From the slopes of the lines in Fig. 5b , it is calculated that (2E s ϩ E H ) is close to 43 kJ/mol for Pt/C and 35 kJ/mol for PtMo ͑3:1 atom %͒. In the case of PtRu/C the slope changes with temperature; it is close to 45 kJ/mol above 70°C. Below that temperature the slope changes to 20 kJ/mol. As reported previously this lower slope is close to that observed for PtSn/C. 33 Because the reaction kinetics in the absence of CO is essentially the same on all the electrocatalysts studied and assuming that the presence of CO does not alter in any way the catalytic nature of the surface, it can be surmized that the value of E H is the same for all of the electrocatalysts. Using previously reported values of 11 kJ/mol, 43 for E H the E s values for Pt/C and PtRu/C ͑1:1 atom % above 70°C͒ were calculated to be 17 kJ/mol. The corresponding data for PtMo/C ͑3:1 atom %͒ is 12 kJ/mol. The lower temperature value for PtRu/C is calculated to be 4.5 kJ/mol, which is close to the value reported earlier. 33 Because E S is related to the oxidative desorption of CO, it reflects the nature of CO affinity to the surface at 70 mV.
Long-term stability measurements under steady-state
conditions.- Figure 6 shows the steady-state current density measured at 0.6 V for a PEMFC operating at 85°C under fully humidified conditions with a backpressure of 50/60 psig ͑anode cathode electrode chambers, respectively͒. The data represents current density measured for a cell containing a PtMo/C anode ͑1:1 nominal composition͒ and a Pt/C cathode control electrode ͑see Experimental section͒. As mentioned previously the choice of the anode electrode was motivated by it possessing the highest Mo:Pt ratio among the PtMo alloying compositions. Steady-state performance is shown under a variety of anode feed gas compositions ranging from pure H 2 to H 2 ͓100 ppm CO͔ and H 2 ͓reformate composition͔ with 100 ppm CO ͑see Experimental section for reformate composition͒. As evident from the data in Fig. 6 , there was little degradation in performance despite significant changes in the anode feed conditions. Such remarkable stable operation is a good indicator for the other alloying compositions which possess lower amounts of Mo.
In order to test the stability of the electrocatalysts better, singlecell polarization measurements were conducted periodically with the cathode feed as either O 2 or air. Similarly, the anode feed gas for these measurements was varied between pure H 2 , H 2 ͓100 ppm CO͔, and H 2 ͓reformate composition ϩ either 100 or 50 ppm CO͔. These are compared in Fig. 7a and b . In Fig. 7a polarization profiles are compared at different intervals with anode feed fixed with pure H 2 and the cathode feed changed between air and O 2 . Comparison of the data shows close performance characteristics with both air and O 2 . The small variations in the higher current density with air are due to a combination of cathode flooding and/or variation in the membrane humidification. Comparison of the single-cell performance with anode feed as H 2 ͓100 ppm CO͔ and cathode feed varied between air and O 2 shows the same result. Little variation is observed for performance measured 1500 h apart when the cathode feed was pure O 2 . In the case of air feed at the cathode greater variations were observed; however, they are random and could be accounted for on the basis of the same reasons delineated for similar profiles with pure H 2 as shown in Fig. 7a .
Conclusion
Evaluation of anode polarization in the context of CO tolerance ͓H 2 ͑100 ppm CO͔͒ using varying Pt:Mo atomic ratios ͑in the range of 1:1 to 5:1͒ show negligible differences. PtMo exhibits greater than threefold enhancement in CO tolerance as compared to PtRu ͑1:1͒ and greater than fourfold enhancement relative to Pt. This is based on current densities at two different overpotentials ͑50 and 100 mV͒. The effect of variation of CO content in H 2 ͑in the range 5-100 ppm͒ also shows the lowest variation in overpotential losses for PtMo electrocatalyst ͑5:1͒ followed by PtRu ͑1:1͒ and Pt. Correlation of these results on PtMo with the corresponding CV shows that unlike PtRu, the oxidation of CO on Pt starts at low potentials on PtMo, thus creating enough holes in the compact CO adlayers to allow efficient oxidation of hydrogen to proceed. The insensitivity of the anode polarization losses with respect to both alloying compositions and the variations of CO content in H 2 shows that the Mo oxyhydroxides are well dispersed on the PtMo nanoclusters. These act as efficient reaction centers for water activation and hence initiation of holes in the compact CO adsorbed layers. The effect of temperature variation is significantly lower on PtMo bimetallic system as compared to PtRu. This has significant potential for actual fuel cell operation, where temperature fluctuations such as during start-up potentially have a significantly lower impact with PtMo Figure 6 . Steady-state performance measured as current density at 0.6 V in a PEMFC operating at 85°C under fully humidified conditions with anode cathode backpressure at 50/60 psig, respectively. Cathode feed was kept constant with air, while the anode feed was varied between ͑͒ H 2 ͕reformate composition͖ ϩ 100 ppm CO and ͑᭹͒ H 2 ϩ 100 ppm CO. electrocatalysts. The excellent long-term stability of PtMo electrocatalysts as shown by the 1500 h steady-state tests with periodic switch between pure H 2 and 100 ppm CO͓H 2 ] as well as reformate compositions show great promise in validating this electrocatalyst system for PEMFC application.
